Prolonged physiological stress response may lead to an excessive production of reactive oxygen species (ROS) and ultimately to oxidative stress and severe fitness costs. We investigated whether natural variation in predation risk, induced by pygmy owls (Glaucidium passerinum), modifies the oxidative status of two free-living food-supplemented passerine bird species-the great tit (Parus major) and the willow tit (Poecile montanus)-in March 2012 and 2013. Predation risk significantly affected antioxidant enzyme activities of willow tits. Antioxidant enzyme activities (principal component factor 2 [PC2] representing glutathione-S-transferase and superoxide dismutase activities) were higher in high predation risk areas in 2013 than in low predation risk areas in the same year. Higher enzyme activities may suggest higher ROS production in birds living under high predation risk. In addition, antioxidant enzyme activities (PC2) were also higher in high predation risk areas in 2013 than in high predation risk areas in the previous year, 2012. This may represent variation in the risk represented by pygmy owls, which is probably inversely related to the natural fluctuations in the densities of their main prey, voles. In willow tits, PC1 (representing catalase, total glutathione, the ratio of reduced to oxidized glutathione, and protein carbonylation) was not affected by perceived predation risk, nor were antioxidant levels or enzyme activities in great tits. Higher enzyme activities observed in willow tits suggest that predator presence can modify the antioxidant status of avian prey, but the response also seem to be influenced by other environmental characteristics, like harsh winter conditions.
Introduction
Prolonged physiological stress response may cause damage at the cellular level, through excessive production of reactive oxygen species (ROS; Costantini 2008) . Oxygen products are common byproducts of cell metabolism but, when produced in excessive quantities, the antioxidant defense of the organism may not be able to counterbalance them. This leads to substantial damage to several biological macromolecules, like DNA, proteins, and lipids (reviewed in Monaghan et al. 2009; Costantini et al. 2010) . When the balance between ROS and the antioxidant defense system is altered, oxidative stress may occur (Costantini et al. 2010) , which can have dramatic fitness consequences in animals (Monaghan et al. 2009 ). Abiotic environmental stressors like UV and pollution (including, e.g., heavy metals) are known to alter antioxidant enzyme activities and cause oxidative stress (Ercal et al. 2001; Limon-Pacheco and Gonsebatt 2009; Lilley et al. 2013; Rainio et al. 2013; Rainio et al. 2015) . Similarly, we expect that biotic sources of stress in the environment can cause physiological stress response at the cellular level, but to date evidence is scarce.
Animals are constantly exposed to multiple sources of stress in their natural environment. Predation risk can have a drastic impact on animal behavior and can also affect animal populations (Caro 2005; Salo et al. 2010; Zanette et al. 2011) . Predation risk is known to induce a physiological stress response in prey, which may ultimately affect their body condition, glucocorticoid production, and cellular stress protein levels (Hawlena and Schmitz 2010; Zanette et al. 2014) . Recently it has been suggested that predation risk may also cause oxidative stress. Studies in captivity showed that across taxa, animals exposed to cues of predators exhibited altered antioxidant enzyme activities, increased oxidative stress and/or damage, higher metabolic rate, and altered corticosterone levels (damselflies [Slos and Stoks 2008; Slos et al. 2009; Janssens and Stoks 2013, 2014] , scallops [Guerra et al. 2013] , rats [Toumi et al. 2013; Meija-Carmona et al. 2014] , and tadpoles [Burraco and Gomez-Mestre 2016; Pinya et al. 2016] ). In wild and freeranging vertebrates, to date only two studies have investigated whether predator presence causes oxidative stress in breeding prey, with contrasting results. One study found lower total antioxidant capacity and corticosterone levels under high predation risk (song sparrows [Melospiza melodia] exposed to simulated nest predation events; Travers et al. 2010) , while the other found no effect of predation risk on antioxidant enzyme activities (pied flycatchers [Ficedula hypoleuca] exposed to cues of nest predators; Ruuskanen et al. 2017) . However, variation in oxidative status as a response to predation risk in nonbreeding wild, free-living animals has never been studied before. Climatic conditions may further affect the physiological responses to predation risk. In cold environments we can expect that small animals will face a high risk of starvation *Corresponding author; e-mail: chimor@utu.fi. because large energetic reserves will be needed to survive long cold nights, thus affecting the starvation-predation trade-off (McNamara et al. 1994; Cresswell et al. 2009 ).
Physiological and Biochemical Zoology
Here we investigated the oxidative status (antioxidant levels, enzymatic activities, and oxidative damage) of wild vertebrates under naturally varying predation risk and ambient temperature. Wild great tits (Parus major) and willow tits (Poecile montanus) were caught during the winters of 2012 and 2013 in forest patches either under high predation risk, where pygmy owls (Glaucidium passerinum) were hunting and storing food, or under low predation risk, where there were no signs of owl activity. All of the birds were food supplemented throughout the study, and the average ambient temperature was recorded. The study was conducted in Finland during the coldest and darkest winter months, when starvation risk can be expected to be strong for small passerines. If predation risk causes oxidative stress, then we predict that individuals living under the higher predation risk will display higher antioxidant enzyme activities. Increased oxidative stress metrics may or may not occur, depending on how effectively increased enzyme activities combat production of ROS. In addition, we can expect that the response will vary between years because of natural variation in predation risk for passerine birds. Main prey species (voles) of pygmy owls follow a highamplitude 3-yr population cycle , and when vole densities are low, pygmy owls substantially increase the proportion of small birds in their diet (Kellomäki 1977; E. Korpimäki, unpublished data) . Vole abundance varied considerably in the two study years, being much higher in the winter of 2012 than in 2013. Thus, we can expect that predation risk perceived by tit species living in close proximity to pygmy owls in the winter of 2013 would be higher than the risk perceived in 2012, leading to larger changes in the oxidative status.
Methods

Study Design
Samples for physiological measurements were obtained from food-supplemented adult great tits and willow tits trapped during early March in the years 2012 and 2013 in the Kauhava region, western Finland (637N, 237E). Mist net trapping was conducted in both years in 19 forest patches (at least 1 km apart from each other) with either high or low natural avian predation risk (depending on the presence of hunting pygmy owls in the patch).
In our study area, 230 forest patches are available for pygmy owls throughout the year and are monitored regularly to determine caching activity and food store content of pygmy owls (from late October to late March), as well as breeding activities (from midApril to mid-June). Pygmy owls prey on Microtus and Myodes voles, which in northern Europe follow high-amplitude (50-200-fold) 3-yr cycles with sequential low, increasing, and decreasing densities . Pygmy owls are also one of the main predators of small birds (with body mass of !60 g; Kellomäki 1977) in boreal forests, especially in winter (Jansson et al. 1981; Solheim 1984; Suhonen et al. 1993) , and small passerines can constitute 16%-83% of the diet of pygmy owls (Kellomäki 1977 ; for the proportion of prey stored by pygmy owls during the two study years, see Morosinotto et al. 2017) . Pygmy owls are diurnal, with a peak of activity at dusk and dawn, and have a flexible hunting strategy, being mostly sit-and-wait predators when hunting small mammals but attacking from high perches when hunting birds (Kullberg 1995) . From late winter to early spring, pygmy owls actively whistle territorial and courtship calls, and therefore their presence in a certain forest patch should be easily detectable by the prey birds. Small passerines are known to respond to territorial calls of pygmy owls by mobbing (Dutour et al. 2016) , and mobbing intensity is especially strong in autumn and in species that are frequently preyed on by pygmy owls (Dutour et al. 2017) .
The abundance of voles, the main prey of pygmy owls, varied substantially between the two study years, being much higher in 2012 than in 2013 (table 1; Morosinotto et al. 2017) . The abundance of voles species was estimated by snap-trapping in September and May of each year at two fixed locations (14 km apart within the study area) as part of a long-term monitoring project (see detailed methods in Korpimäki et al. 2005 ; E. Korpimäki, unpublished results). The abundance of voles is highly synchronous throughout the study area, even covering distances of 180 km Korpimäki et al. 2005) . Pygmy owl food stores varied considerably between the two study years in prey number and species composition. In all of the stores prey items were identified by species, sexed, and weighed. Overall, we found 140 stores between October 2011 and March 2012 and 59 stores between October 2012 and March 2013 (for store composition and range of prey items per store, see table 1). Also, the average daily temperature varied between the two study years, being on average colder in March 2013 than 2012 (table 1). Data were obtained from the weather station at the Kauhava airport (data from the Finnish Meteorological Institute), situated in the middle of the study area, to control for the impact of weather conditions on oxidative status.
High predation risk patches were used as food-caching sites by pygmy owls between January and March of each year, that is, patches where a pygmy owl was actively hunting and storing prey items in the nest boxes available in the patch. Low predation risk patches were sites that were not used as food-caching sites but contained empty pygmy owl nest boxes instead. In winter of 2013, however, vole abundance was very low and the number of foodcaching sites was small, probably because pygmy owls consumed most of the prey immediately after killing to reduce the risk of starvation. Therefore, we included as high predation risk patches forest patches where pygmy owls were seen or heard during the experiment and where food caches were found before or after the study period (see also the methods in Morosinotto et al. 2017) . We cannot completely exclude the possibility that some pygmy owls would also be present in low predation risk areas, for example, while moving between food-caching sites. However, we believe this to be negligible, since no signs of pygmy owls (food stores, territorial or courtship calls, visual observations) were detected in low predation risk patches, even though these patches were investigated with similar effort as high predation risk patches.
In all of the forest patches considered here, both at high and low predation risk, food (oat and fat) was provided for tit species from January to March. The feeder with oat contained on average 9.87 L 5 0.88 SD, while the amount of available fat was 2 kg in 2012 and 1 kg in 2013. The feeders were refilled approximately every 2 wk, so food was always available ad lib. throughout January-March 2012 and 2013. Physiological samples were collected from great tits and willow tits at the beginning of March in each study year. Samples were collected at foodsupplemented sites to insure a larger sample size, since tit species abundance in winter has been shown to be much lower at sites with no food supplementation, independently of perceived predation risk . A previous study, using the same study design, showed that overall birds living under high predation risk consumed more fat and less oat than individuals in low predation risk areas .
Mist net trapping sessions were conducted at each site in early March and lasted 4 h per site. All of the birds caught were identified, aged, and sexed, and both wing length (to the nearest 0.1 mm) and body mass (to the nearest 0.1 g) were measured. From these measurements a body condition index ("scaled body mass"; Peig and Green 2009) was computed to have a reliable measure of the size of each individual compared with the average size of the population. This index corresponds to the predicted body mass of an individual with respect to its wing size, which has been standardized for the average wing length of the population (see Peig and Green 2009) . Two small blood samples (!25 µL) were collected from the brachial vein of each trapped individual; one was used to measure hematocrit, and the other was used to measure oxidative status. The samples for the hematocrit were preserved in ice, and hematocrit was measured within 6 h of sample collection by centrifuging the samples at 10,000 rpm for 7 min, after which the ratio between plasma and blood cells was measured (following the protocol in Morosinotto et al. 2016) . Samples for oxidative status were placed immediately in liquid nitrogen and later stored in a freezer at 2807C until analyses.
The tit species considered here were not trapped in equal numbers among the two study groups in the two study years. Because of this unbalanced sample size, great tits were considered only in 2012, while for willow tits both 2012 and 2013 were considered. The overall sample size was thus different between species (great tits in 2012 only: 9 individuals in low predation risk areas and 13 in high predation risk areas; willow tits in 2012: 19 individuals in low predation risk areas and 9 in high predation risk areas; willow tits in 2013: 11 individuals in low predation risk areas and 8 in high predation risk areas). The oxidative status biomarkers were analyzed using a principal component analysis (see "Statistical Methods"), which further affected the sample size (great tits: 7 individuals in low predation risk areas and 10 in high predation risk areas; willow tits in 2012: 13 individuals in low predation risk areas and 6 in high predation risk areas; willow tits in 2013: 6 individuals in low predation risk areas and 5 in high predation risk areas). All applicable international, national, and institutional guidelines for the care and use of animals were followed. Experiments and sample collection were conducted under licenses from the Animal Experiment Committee of the State Provincial Office of Southern Finland and the Environmental Centre of Southwest Finland (licenses EPOELY/456/07.01/2012 and ESAVI-2010-05480/Ym-23).
Oxidative Status Analyses
From the blood samples collected we measured both nonenzymatic (total glutathione [tGSH] , ratio of reduced to oxidized glutathione [GSH∶GSSG] ) and enzymatic (glutathione-S-transferase
Glutathione is one of the most common antioxidants found in animals, while the GSH∶GSSG ratio represents the overall redox state of the cells and can be used as an indicator of oxidative stress (Hoffman 2002; Isaksson et al. 2005; Halliwell and Gutteridge 2007; Lilley et al. 2013; Rainio et al. 2013) . GST is an enzyme that catalyzes the glutathione cycle and acts in biotransformation processes, whereas CAT and SOD directly regulate levels of ROS (Ercal et al. 2001; Halliwell and Gutteridge 2007) .
All antioxidant and enzyme activities were measured in triplicate (intra-assay coefficient of variability of !15% in all cases) using 96-well (CAT) or 384-well (GST, SOD, tGSH, GSH∶GSSG ratio) a Average 5 SE and minimum and maximum daily temperatures (in parentheses) in March 2012-2013, when the samples were collected. Data were obtained from the weather station closest to the study area, at the Kauhava airport (data are from the Finnish Meteorological Institute).
b Vole density index was estimated as individuals per 100 trap nights (for species-specific densities, see Morosinotto et al. 2017) . Autumn vole density was measured in September of the previous year (2011 and 2012, respectively microplates with a microplate reader (EnVision; PerkinElmerWallac, Turku, Finland). All analyses were conducted blind to the level of predation risk, year, and species. Three control samples were used with each plate, to be able to correct inter-assay precision with the ratio specific to the particular plate (range, 0.8-1.2). Samples were diluted with 0.9% NaCl to maximize the total sample volume. However, to be able to measure all of the biomarkers from one blood sample, we used correspondingly smaller reagent volumes than recommended by the analytical kits. The protein concentration (mg/mL) was measured according to the Bradford (1976) method using Bio-Rad stock (Bio-Rad, Helsinki, Finland) diluted with dH 2 O (1∶5) and bovine serum albumin (BSA; 1 mg/mL; Sigma Chemicals, St. Louis, MO) as a standard, with an EnVision microplate reader at an absorbance of 595 nm.
The GST assay (Sigma CS0410) was adjusted from a 96-to a 384-well plate. We used 4 µL of each sample in triplicate and our own reagents; Dulbecco's phosphate-buffered saline buffer, 200 mM GSH (Sigma G4251), and 100 mM CDNB (1-chloro-2,4-dinitrobenzene; Sigma C6396) in ethanol. The change in absorbance was measured at 340 nm. The principle of the assay is described by Habig et al. (1974) . The CAT assay (Sigma CAT100) was adjusted from cuvette to a 96-well plate. We used a sample dilution of 1.5 mg/mL, and each sample was assayed in triplicate. We made our own reagents (assay buffer, enzyme dilution buffer, chromogen reagent, peroxidase solution, stop solution, H 2 O 2 ) according to information provided in the technical bulletin. The measurement of CAT activity is based on stopping the reaction of CAT (sample volume, 2 mL; buffer volume, 13 mL) and H 2 O 2 (5 mL of 200 mM) with stop solution (180 mL of 15 mM NaN 3 ; Deisseroth and Dounce 1970) and detecting the remaining H 2 O 2 via colorimetric reaction (2-µL aliquot pipetted onto a microplate with 200 µL of dye per well at 520 nm; Fossati et al. 1980) . The SOD assay (Sigma 19160 SOD Determination Kit) was adjusted from a 96-to a 384-well plate. We used a sample dilution of 1.2 mg/mL, and each sample was assayed in triplicate. The SOD measurement is based on the colorimetric reaction of water-soluble tetrazolium salt, WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), which produces a watersoluble formazan dye on reduction with a superoxide anion that absorbs light at 450 nm. The rate of the reduction with O 2 is linearly related to the xanthine oxidase activity and is inhibited by SOD. Thus, SOD activity was expressed as inhibition percentage. The enzyme activity of GST was expressed as nanomoles per minute per milligram of protein, and CAT activity was expressed as micromoles per minute per milligram of protein. Total GSH and the GSH∶GSSG ratio were measured with the ThioStar glutathione detection reagent (Arbor Assays, Ann Arbor, MI) according to the kit instructions, using reduced glutathione as a standard (Sigma Chemicals). In brief, each sample (containing 5% sulfosalicylic acid [SSA]) was diluted 1∶5 with 100 mM Na-phosphate buffer and 5 mM EDTA (pH 7.5) to obtain 1% SSA. Standards were diluted with 100 mM Na-phosphate plus 5 mM EDTA plus 1% SSA. For each measurement, 12.5 mL of sample, standard, or blank was pipetted onto a plate, and 6.5 mL of ThioStar reagent was added. The plate was incubated for 15 min in the dark, and the fluorescence was measured (excitation, 405 nm; emission, 510 nm) to determine GSH concentration. After the first measurement, 6.5 mL of 4 mM NADPH plus 8 U/mL iglutathione reductase in 100 mM Na-phosphate buffer plus 5 mM EDTA (pH 7.5) was added to the wells. The plate was incubated again for 15 min in the dark, after which the fluorescence was measured again to determine the tGSH concentration (GSH 1 GSSG).
Protein Carbonylation
In addition to oxidative state and antioxidant activity, we measured protein carbonylation to investigate the oxidative damage of proteins caused by oxidative stress. We used a modified protocol of the method originally described by Buss et al. (1997) and Davies et al. (2001; see methods in Rainio et al. 2015) to prepare standards for protein carbonylation analyses. After preparation of oxidized and reduced BSA, the protein concentrations of these products were measured using a bicinchoninic acid protein assay (Smith et al. 1985) with an EnVision microplate reader. BSA was used as standard (1 mg/mL; Sigma Chemicals). The carbonyl contents of oxidized and reduced BSA were measured with a colorimetric assay (Alamdari et al. 2005) , using an EnSpire multimode plate reader (PerkinElmer-Wallac) at an absorbance of 375 nm. Standard curves were prepared by mixing varying proportions of oxidized and reduced BSA, and the protein concentration was adjusted to 4 mg/mL with 100 mM K 2 HPO 4 plus 150 mM KCl buffer (total volume, 47.5 µL). Altogether, nine standard points (0, 0.5, 1, 1.5, 2, 2.5, 3, 5, and 7) were used in the final measurements. The results are expressed as nanomoles per milligram of protein.
Blood samples were diluted to 4 mg of protein per milliliter (total volume, 47.5 µL) with 100 mM K 2 HPO 4 plus 150 mM KCl buffer (pH 7.4), after which 20% streptomycin sulphate (in 50 mM potassium phosphate; pH 7.2) was added to precipitate nucleic acids in the samples. After a 15-min incubation at room temperature, the extracts were clarified by centrifugation (10 min, 6,000 rcf at 147C). Next, 5 µL of supernatant with 15 µL of 10 mM aldehyde reactive probe (ARP; Cayman Immunodiagnostics, Hameenlinna, Finland) was incubated for 45 min at room temperature. Subsequently, 5 µL of sample (mixture of supernatant and ARP) was diluted with 995 µL of 100 mM K 2 HPO 4 plus 150 mM KCl buffer (pH 7.4) in a new Eppendorf tube. Then, 200 µL of sample was pipetted in triplicate to high-binding Costar plates and incubated for 1 h at 1377C. The plate was then washed twice with wash buffer (DELFIA; PerkinElmer) using DELFIA Platewash (PerkinElmer), after which 200 µL of europium-streptavidin label (PerkinElmer) was added to each well and the plate was incubated again for 1 h at room temperature with a slow plate shake. The plate was washed again with wash buffer (four times), and then 200 µL of enhancement solution (DELFIA; PerkinElmer) was added to the wells. After 5 min of slow shaking, the carbonylation content was measured using the DELFIA time-resolved fluorescence method (at 375 nm) with an EnVision microplate reader.
Statistical Methods
A principal component analysis of antioxidant levels (tGSH), antioxidant enzymes (CAT, SOD, GST), overall oxidative state (GSH∶GSSG ratio), and damage (protein carbonylation) was performed using a promax rotation method to observe general patterns across the oxidative status biomarkers (following logarithmic transformation of all variables to normalize the distributions; see table 2 for mean 5 SE and sample size for all variables considered). The analysis was conducted separately by species, and for both species we obtained two main factors. In willow tits, factor 1 (PC1; eigenvalue, 2.77) was represented positively by tGSH, protein carbonylation, and CAT, with negative loading by GSH∶GSSG ratio (representing 0.88, 0.81, 0.81, and 20.51 of the variance, respectively). Factor 2 (PC2; eigenvalue, 1.48) was positively represented by GST and SOD activities (representing 0.77 and 0.67 of the variance, respectively). In great tits, factor 1 (PC1; eigenvalue, 2.40) was represented by positive loadings for GST, CAT, protein carbonylation, SOD, and tGSH (0.81, 0.77, 0.75, 0.53, and 0.48, respectively). SOD, however, was represented with a similar positive load in both factors, albeit slightly higher for factor 1, and so it could be considered in either factor (factor 1, 0.53; factor 2, 0.527). Factor 2 (PC2; eigenvalue, 1.21) was mostly represented by positive loading of GSH∶GSSG ratio (0.87).
Hematocrit and principal components of the oxidative biomarkers (PC1, PC2) of great and willow tits were analyzed using a general linear mixed model (GLMM; proc glimmix in SAS ver. 9.3, Note. Variables considered are total glutathione (tGSH), ratio of reduced to oxidized glutathione (GSH∶GSSG), glutathione-S-transferase (GST), catalase (CAT), and superoxide dismutase (SOD). Sample size is shown in parenthesis.
with forest patch as a random factor and assuming a normal distribution). The species were analyzed separately because great tits were trapped only in 2012, while for willow tits data were collected in both 2012 and 2013.
All of the models, for hematocrit and both PC1 and PC2 for the two species, included the following variables: owl (either high or low predation risk by pygmy owl), scaled body mass (Peig and Green 2009 ; see also methods in Morosinotto et al. 2017) , and time of trapping, calculated as "minute to/from dawn" (continuous variable calculated as the difference between the time when each bird was caught and the time of dawn). Time of trapping was included in all of the models because birds activity and foragingand thus also predation risk-could be affected by the time of the day. In addition, in the models for willow tits, year (2012 or 2013) and the interaction owl # year were included. This interaction was included to control for potential differences in the level of risk imposed by pygmy owls. This may vary as a result of varying abundance of their main prey (voles) between the two study years. The interaction was excluded from the final model if not statistically significant (P < 0:05) to investigate the effect of each main factor independently. In addition, the effect of the mean temperature of the preceding 3 d before trapping was tested in all of the models, but it did not affect any of the models and was thus removed. All of the figures were made using SigmaPlot (ver. 13.0).
In addition to the principal component analyses, the effect of each oxidative biomarker was analyzed independently using similar GLMMs. The analyses gave the same results as when considering PC1 and PC2 (results not shown). However, we present here only the analyses for the two factors resulting from the principal component analyses (PC1 and PC2) because they provide a better understanding of the overall oxidative status.
Results
The natural abundance of Microtus and Myodes voles varied between the two study years, with much lower densities in the environment in 2013 than in 2012. A similar pattern was also observed in prey cached in pygmy owl food stores, with lower proportions of mammals (and especially voles) but higher proportion of birds caught in 2013 than in 2012 (table 1; see also Morosinotto et al. 2017 ). In addition to the variation in vole abundance and the shift in the diet of pygmy owls, the temperature also varied considerably between the two study years, with March of 2013 being on average 87C colder than March of 2012 (table 1) .
Predation risk significantly affected antioxidant enzyme activities in willow tits in the two study years (significant owl # year interaction; tables 3 and 4; fig. 1 ). Antioxidant enzyme activities (PC2, representing GST and SOD activities) were higher in high predation risk areas in 2013 than in low predation risk areas in the same year. In addition, antioxidant enzyme activities (PC2) were higher in high predation risk areas in 2013 than in high predation risk areas in the previous year, 2012 (see post hoc test in table 4; fig. 1B ). PC1 (representing CAT, tGSH, Note. Degrees of freedom are presented as the denominator degrees of freedom, since the numerator degrees of freedom are always equal to 1. Factors in parentheses were not included in the final models due to nonsignificance but reflect statistics of these individual terms entered into the final models. Slope 5 SE is presented for all continuous variables. Values in bold are statistically significant (P < 0:05).
a Catalase, total glutathione, ratio of reduced to oxidized glutathione, and protein carbonylation. b Superoxide dismutase and glutathione-S-transferase.
GSH∶GSSG ratio, and protein carbonylation) remained unaffected by perceived predation risk but was significantly higher in 2013 than in 2012 (table 3; fig. 1A ). Predation risk appeared not to have marked effects on the antioxidant levels, antioxidant enzyme activities, and oxidative damage in great tits (2012 only 
Discussion
Predation risk and temperature varied considerably between the study years, and their combined impact led to modification of the cellular antioxidant metabolism of the prey. The abundance of Microtus and Myodes voles in the field was indeed much lower in 2013 than in 2012, which led pygmy owls to prey on larger proportions of birds. The temperatures in 2013 were also much colder than in 2012, which, combined with the stronger predation pressure, constituted more challenging conditions for small birds. As a result of these combined environmental stressors, antioxidant enzyme activities varied in willow tits both between years and between low and high predation risk areas, whereas no clear effects were found in great tits. Willow tits living under high predation risk in 2013 indeed showed increased antioxidant enzyme activities both compared with individuals in low predation risk sites in the same year and with respect to individuals sampled in 2012. No oxidative stress was observed, however, suggesting that the increased enzymatic activities in willow tits might have efficiently protected the cells from possible ROS overproduction.
Predation risk increased the activity of some antioxidant enzymes (GST and SOD, represented by PC2) in willow tits, although it did not affect overall oxidative stress level or damage (represented by PC1: CAT, tGSH, GSH∶GSSG ratio, and protein carbonylation). Increased GST and SOD activities may suggest higher ROS production when living under high predation risk, since enzyme activities often increase as a consequence of increased ROS levels, to protect cells from oxidative stress. Oxidative stress was not observed, however, suggesting that the antioxidant enzymes activated when living under high predation risk probably managed to efficiently reduce the possible overproduction of ROS, thus avoiding oxidative damage. However, since due to practical limitations ROS production was not measured in this study, we cannot entirely rule out possibilities for increased enzyme activities other than predation-induced ROS production. Previous studies in captivity also showed altered enzymatic activities under short-term predation risk, with contrasting results. Rats exposed to short pulses of high risk exhibited both low (Toumi et al. 2013 ) and high (Meija-Carmona et al. 2014 ) GST activities, while previous studies in damselflies have found both lower (Slos and Stocks 2008; Janssen and Stocks 2013) and higher (Slos et al. 2009 ) SOD activities under high predation risk.
Higher enzymatic activities under high predation risk could thus be a response to a stressful situation, although oxidative stress and damage did not occur. It is still unclear, however, whether the increased enzymatic activities observed are due to the "fear" directly caused by the presence of the predator itself (as suggested by the predation stress hypothesis; Boonstra et al. 1998; Clinchy et al. 2004 ). The risk perceived by the prey can, for example, lead to increased glucocorticoid levels (e.g., Cockrem and Silverin 2002; Sheriff et al. 2009 ) even when predator encounters are very short (up to a few seconds; Jones et al. 2016b) , and it can have long-term consequences on prey response to threat (Jones et al. 2016a ). On the other hand, variation in the cellular antioxidant metabolism could also be a consequence of behavioral antipredator responses, which could, for example, reduce foraging efficiency (the predatorsensitive food hypothesis; e.g., Sinclair and Arcese 1995; Zanette et al. 2011; Zanette et al. 2014 ). Both of these mechanisms could lead to altered oxidative status in the prey. Unfortunately, since all of the birds included in this study received food supplementation, it is not possible to distinguish between these two mechanisms as a possible cause for the increased enzymatic activities observed.
The pattern observed could also be due to variations in other environmental factors among different forest patches, like variation in the availability of natural food resources (although they are scarce at these latitudes in winter) or in the intra-and interspecific competition at feeders (e.g., intensive competition can lead to physiological stress responses in vertebrates; Nephew and Romero 2003) . It is also possible that individuals living under high or low predation risk differ in their general condition and/or quality, and thus only individuals with high antioxidant abilities could live under high predation risk. However, none of the oxidative status biomarkers (antioxidant enzyme activity [PC2], antioxidants or oxidative damage [PC1]) were affected by scaled body mass (a Note. Values in bold are statistically significant (P < 0:05).
common measure of individual body condition; Peig and Green 2009) . In willow tits, PC1 and PC2 were mostly affected by year and/or predation risk, suggesting that individuals may not substantially vary in their antioxidant enzyme activities according to their body condition but may be affected by environmental factors. In addition, predation risk did not affect hematocrit in either willow tits or great tits, although both low (Boonstra et al. 1998; Clinchy et al. 2004; Sheriff et al. 2011 ) and high (Morosinotto et al. 2016) hematocrit have been previously linked to chronic stress. We found consistently higher oxidative status parameters in 2013 than in 2012 for both PC1 and PC2. This consistent variation between years could partly be the result of weather conditions, more specifically, temperature. In March 2013 weather condition were harsh, with temperatures on average almost 87C colder than in 2012. Similar to our results, previous studies have indeed shown an increase in antioxidant enzyme activities or in total antioxidant capacity in vertebrates exposed to cold temperatures (Selman et al. 2000; Cohen et al. 2008) .
In addition to this annual variation in enzymatic activities, there was also between-year variation in the response to high predation risk. Willow tits living under high predation risk in 2013 had higher GST and SOD activities (PC2) than conspecifics living under high risk in 2012, which may suggest that the risk perceived by the willow tits in 2013 was higher (see fig. 1B ). In northern Europe, the predation risk imposed on small birds by pygmy owls and other predators varies markedly among years depending on the phase of the 3-yr population cycle of their main prey, voles of the genera Microtus and Myodes . When voles are scarce, predators increase considerably the proportion of alternative prey, such as birds, in their diet. Pygmy owls show consistent dietary shifts toward small birds in low vole years (Kellomäki 1977) . In 2013 the abundance of voles was drastically decreased compared with 2012, resulting in a large increase (from 3% to 60% of prey number) in the proportion of small passerines in the diet of pygmy owls in winter (table 1) . This large between-year variation in natural predation risk likely led to the altered antioxidant levels in willow tits living under high risk in 2013 compared with high predation risk sites in 2012.
In addition to natural variation in vole abundance, the colder temperature in 2013 might have also increased the predation risk perceived by passerines compared with the previous (warmer) year. Cold weather could increase perceived predation risk by affecting both prey and predator behavior. Under harsh weather conditions, prey may modify their foraging habitats to reduce starvation risk (e.g., if resources are limited in the cold and/or because of the higher metabolic costs of thermoregulation) and might thus forage in higher-risk areas (e.g., Yasué et al. 2003) . On the other hand, predators may also increase their own hunting effort in cold weather (Masman et al. 1986) or may be more successful in their hunting (Hilton et al. 1999) . Finally, we cannot rule out the possible effect of different storage periods for our blood samples between the years (all samples were analyzed in 2013). However, since all of the samples were analyzed at once, the observed variation between high and low predation risk sites within 2013, as well as the variation between high predation risk sites in the two study years, suggest that the result is due to natural variation in predation risk combined with other environmental variables, like the cold temperatures.
Willow tits exhibited altered antioxidant enzyme activities under high predation risk, whereas no clear response was observed in great tits. During the nonbreeding periods the two species vary substantially in their physiology (e.g., thyroid and growth hormone levels; Silverin et al. 1989 ) as well as behavior. Willow tits (see table 3 for the statistics and table 4 for the post hoc test of the interaction for factor 2).
are more territorial, form groups with a clear dominance rank, and exhibit hoarding behavior, while great tits have a more opportunistic foraging strategy (e.g., Ekman 1989; Dhondt 2012). Although both species are common prey of pygmy owls in winter (Ekman 1986; Morosinotto et al. 2017 ; E. Korpimäki, unpublished results), they may also perceive the risk imposed by pygmy owls differently according to their foraging strategy and niche selection within the trees (e.g., Ekman 1986; Suhonen et al. 1993 ). The results observed could thus be a result of species-specific responses to predators. However, since predation risk and climatic conditions varied between the two study years and data could not be collected for both species in both years, an interspecific comparison is complicated. Data from great tits could be collected only in 2012 due to difficulties during fieldwork (i.e., not enough great tits were trapped with the mist nets in March 2013), while for willow tits samples could be collected in both years. Birds living in high predation risk areas in 2012 might have perceived a lower predation risk than those living in proximity to pygmy owls in 2013 because of naturally higher vole densities and warmer temperatures. Indeed, neither willow tits nor great tits varied in their response to predation risk in 2012. It is thus possible that the lack of variation in antioxidant enzyme activities in great tits is due to the lower risk imposed by pygmy owls in 2012, the only year considered for this species, rather than a specific lack of response in this species. Further investigations of the oxidative status of wild free-living passerines are thus needed across multiple years to identify whether the interactions between main and alternative prey and predators could affect the physiological condition and perception of predation risk in different species.
Predation risk is known to induce a physiological stress response in prey in response to both acute and chronic stress events (e.g., Cockrem and Silverin 2002; Butler et al. 2009; Sheriff et al. 2009 Sheriff et al. , 2011 Clinchy et al. 2011; Zanette et al. 2014; Jones et al. 2016b ) that can affect animals' physiology and fitness even long after the predator encounter (Sheriff et al. 2009 (Sheriff et al. , 2011 Jones et al. 2016a ). Our results suggest that predation risk could also modify animal antioxidant enzyme activities, although the effect may be enhanced by cold temperatures. This study represents the first investigation of the impact of predation risk on the oxidative status of wild freeliving vertebrates outside the breeding season and under harsh winter conditions. Our results suggest that natural variation in predation risk due to interactions between predators and their main prey (e.g., voles) could differently affect the risk perceived by alternative prey species (in this case, passerine birds). Replicating studies in multiple species across different years is thus important to highlight the impact of trophic cascades and heterospecific interactions on animal behavior and physiology. Further studies are needed to estimate the impact of biotic stressors, like food availability and predation, as well as other species interactions on wildlife physiology. This would also help in planning better animal conservation measures, especially in light of the drastic changes that forest management is causing to the boreal forests. Many songbird species are already drastically decreasing in heavily managed northern European boreal forests (Kouki and Väänänen 2000; Virkkala 2004) , where the loss of old-growth forests leads to fewer safe refuges from predators and a decrement in food supply for small bird species. The stress response induced by predation risk to wild passerines could thus potentially further accelerate the decline of these species, with drastic consequences for the forest ecosystem.
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